Intestinal enterococci indicate the fecal contamination of bathing waters. This study defines the performance characteristics of the reference method ISO 7899-2:2000 with water samples collected from inland and coastal bathing areas in Finland. From a total of 341 bacterial isolates grown on Slanetz and Bartley medium, 63.6% were confirmed as intestinal enterococci on bile aesculin agar.
INTRODUCTION
Intestinal enterococci are used as fecal indicator bacteria (FIB) for bathing water quality monitoring in European Union (EU) member countries (European Bathing Water Directive; //EC). The presence of intestinal enterococci is considered as a sign of fecal contamination in environmental waters since they are released through feces of warm-blooded animals, including human beings (Wheeler et al. ) . The species distribution of enterococci released from feces of different host animals varies and is thought to be similar between the individuals of the same host species having similar feeding habits (Layton et al. ) . The preva-Monitoring regulations for bathing water are based on the FIB counts which indicate the extent, but not the source, of fecal contamination. Different contamination sources can cause varying levels of waterborne infection risk for bathers, sometimes without a clear correlation to FIB counts. Some human pathogens such as enteric viruses are host-specific and originate from human feces (Colford et al. ) . For such agents, contamination of bathing water with human fecal material represents a higher infection risk than contamination from other sources (Colford et al. ) . However, non-human fecal contamination can also contribute to infection risks at bathing areas due to the possible occurrence of zoonotic pathogens such as Escherichia coli O157:H7, Campylobacter, Salmonella, Leptospira, Cryptosporidium, and Giardia (as reviewed in USEPA ). Thus, identifying sources of contamination is important to accurately estimate the human health risk and eliminate it.
The international standard method ISO - () is the reference method for enumeration of intestinal enterococci according to the European Bathing Water Directive (//EC), focusing on four intestinal Enterococcus species: E. faecalis, E. faecium, Enterococcus durans, and Enterococcus hirae. However, the ISO 7899-2 standard does not include specifications of the performance characteristics of the method or specify the reliable counting range for the enterococci enumeration. The present study focused on characterizing the Enterococcus species isolated using the ISO 7899-2 method from the bathing water samples and evaluated the categorical performance characteristics (i.e., sensitivity, specificity, selectivity, false positive rate, false negative rate, and efficiency) of the method. In addition, we applied a combination of fecal source tracking and regulatory bathing water quality monitoring to support the interpretation of FIB count results.
MATERIALS AND METHODS

Bathing water samples
A total of 21 water samples were collected from five bathing areas in the central and western part of Finland during the bathing season of 2013 with the help of local health authorities (Table 1) . Collected samples were transported to the laboratory in ice coolers, stored at 3 ± 2 C and analyzed within 24 h.
Enterococci enumeration
Intestinal enterococci were enumerated using the ISO 7899-2 method as described by Pitkänen et al. () . In brief, after filtration of water volumes, membranes (GN6, Pall Life Sciences, Michigan, USA) were incubated on Slanetz and
Bartley medium (S&B, Oxoid Ltd, Basingstoke, UK) at 36 ± 2 C for 44 ± 4 h. The sample volumes 1, 10, 100
and/or 1,000 mL were used with the aim to produce 10-100 presumptive colonies per membrane to follow the principles specified in the standard ISO  (). With a few exceptions, the total colony counts ranged from 1 to 149 colonies per membrane. All colonies detected were raised as with red, maroon, or pink color and were considered as presumptive enterococci, even when the color was only light or the colony size was very small. After counting the presumptive enterococci, the membranes containing presumptive enterococci colonies were transferred on preheated bile aesculin azide medium (BEA, Scharlau, Barcelona, Spain) and incubated at 44 ± 0.5 C for 2 h. Black or brown color formation on the BEA medium confirmed the presumptive colony was intestinal enterococci. When no color formation on BEA was observed, the presumptive colony was defined as unconfirmed. All or at least 10 confirmed and 10 unconfirmed colonies per each analyzed sample were sub-cultured on non-selective tryptone soya agar medium (TSA, Oxoid Ltd) and incubated at 36 ± 2 C for 2 days. The isolates were stored at À75 C in nutrient broth containing 15% glycerol.
Partial 16S rRNA sequencing of the bacteria isolated from Slanetz and Bartley medium
To prepare the total genomic DNA of the isolates for the further analysis, sterile inoculating loops were used to transfer bacterial biomass into 0.1 mL of sterile deionized water and stored at À18 C. Subsequently, the bacterial suspensions were heat-treated at 95 C for 10 minutes. The (Table S1 ).
Noroviruses and adenoviruses were concentrated from 800 to 2,000 mL water samples as previously described (Jalava et al. ) , and using glass fiber pre-filters (Millipore). Viral nucleic acids were extracted and detected using previously described RT-qPCR and qPCR methods In brief, sample volumes of 10, 100, and 1,000 mL were con- Bacteroidetes spp. and source tracking markers of human, gull, pig, and ruminant feces were quantified using DNA-based qPCR assays and RNA-based RT-qPCR assays as described earlier by Pitkänen et al. () . In brief, a volume of up to 300 mL water was filtered through a polycarbonate membrane with the pore size 0.4 μm (Nuclepore Polycarbonate, Whatman, Kent, UK). The membranes were stored at À75 C prior to the nucleic acid extraction, cDNA synthesis, and the target gene quantification.
RESULTS
Fecal microbes and fecal source identifiers
Bathing areas with prior indication of microbiological quality problems or existing water quality hazards were selected for this study. During the sampling campaign, two coastal bathing areas exceeded the water quality standards (Supplementary material, Table S2 , available with the online version of this paper). The national threshold value for a single sample (STM a, b) was exceeded in a total of five samples for intestinal enterococci and in two samples for E. coli from the coastal sampling sites D and E. The confirmation rates for intestinal enterococci varied from 8% to 100%, being exceptionally high at site E (small coastal bathing area). In the sampling site B (inland bathing area), the counts of enterococci and E. coli did not exceed the quality standards for the inland waters but the RNA-based qPCR signals of Enterococcus spp. and E. coli specific genetic markers peaked in August (Table S2) .
RNA-based RT-qPCR and DNA-based qPCR assays were used to detect the molecular source identifiers (Table S2 ).
The GenBac3 marker of Bacteroidetes spp. was detected in all water samples. Based on the HF183 genetic marker, human-specific fecal contamination was prevalent at bathing sites B and C but remained absent from other areas. The gullspecific Gull4 marker was detected at least once in all of the bathing areas with site D showing the highest relative abundance. Swine and ruminant specific contamination (Pig-2-Bac and Rum-2-Bac markers) were not detected in any of the samples. RNA-based RT-qPCR resulted in higher marker copy numbers more often than the DNA-based qPCR (Table 2) .
While noroviruses were not detected in any of the samples, four samples collected from the inland bathing areas were positive for adenoviruses (three out of four detections were below the quantification limit of the method) (Table S2) . Campylobacter was abundant in all eight studied samples taken from the inland bathing areas, but only in two of the seven studied samples in coastal bathing areas (Table S2 ). C. jejuni and C. coli were found only from inland bathing areas, C. jejuni being more common. C. lari was found from inland bathing areas A and C and also from coastal bathing area D.
Species distribution of bacteria isolated using the ISO
7899-2 method
A partial 16S rRNA sequence was successfully obtained for a total of 341 bacterial colonies grown on Slanetz and Bartley medium, among them, 217 were confirmed as intestinal enterococci on BEA agar, and 124 of the isolates remained unconfirmed ( Table 3 ). The colonies were collected from a total of 27 membrane filters from two to nine membranes on BEA medium from each bathing water site (A-E). Based on phylogenetic analysis, the confirmed isolates were grouped into three bacterial genera: Enterococcus spp., (Figure 1 ).
The isolates identified as false positives (n ¼ 15) or false negatives (n ¼ 29) were re-streaked from the storage stock and sub-cultured on TSA medium (at 36 ± 2 C for 2 days) prior to streaking on the BEA medium. The repetition of the BEA confirmation from the pure cultures showed that only three isolates out of 15 false positives (two Lactobacillus spp. isolates and one Pediococcus spp. isolate) were truly able to produce blackish color on the BEA medium. All of the unconfirmed 29 isolates identified as false negatives according to method ISO 7899-2 were positive and confirmed to be intestinal enterococci when re-streaked from the pure culture on the BEA.
To further confirm the phylogenetic clustering, the isolates were challenged against 23S rRNA-based Enterococcus spp. Furthermore, the partial 16S rRNA sequences of the isolates classified to the E. faecium, E. faecalis, and
E. gallinarum clades were tested in silico against the speciesspecific primers Faecium1, Faecalis1, and Casseli1 (Ryu et al.
), respectively. Faecium1 primer aligned with the sequences associated with the E. faecium clade (n ¼ 124) except for one sequence that was associated with Enterococcus mundtii when further analyzed with RDP seqmatch. Faecalis1
and Casseli1 primers aligned with the sequences associated with the E. faecalis and E. gallinarum clades, respectively (n ¼ 107 and n ¼ 44). In addition, Casseli1 primer aligned with the isolates classified into the E. avium clade (n ¼ 11). Categorical performance characteristics of the ISO
The categorical performance characteristics of the ISO 7899-2 method are presented in Table 4 . Overall, the results indicate that the method is sufficiently sensitive, specific, selective, and efficient for the enumeration of intestinal enterococci. The confirmed isolates belonging to the E. gallinarum clade and genera Pediococcus and Lactobacillus created false positive results for the ISO 7899-2 Figure 1 | Unrooted neighbor-joining tree of bacterial 16S rRNA gene sequences obtained during bathing water monitoring using ISO 7899-2 method. The figure and the selection of reference sequences are adapted from Ryu et al. (2013) . n, the total number of isolates in each contig; c, the total number of confirmed isolates; u, the total number of unconfirmed isolates.
method with a rate of 18.5% when less than 10 presumptive colonies per membrane were counted and with a rate of 7.0% when the presumptive colony counts ranged from 12 to 62 per membrane (Table 4) . When the colony count exceeded 100 per membrane, the false positives were no longer detected. The false positive intestinal enterococci findings originated from bathing areas of the sites A, B, and D (Figure 2(b) ).
False negative findings were detected using the ISO 7899-2 method from all bathing areas. The number of E. faecalis Figure 2 | Distribution of (a) the total confirmed and unconfirmed isolates in the bacterial clades, and the bacterial clade identification of (b) the confirmed isolates and (c) the unconfirmed isolates from the study sites (A-E). (Continued.) and E. faecium isolates that remained unconfirmed was the highest at bathing area D (Figure 2(c) ), the site where the FIB counts exceeded the water quality standards. When taking into account the number of presumptive colonies on the membrane filter of the ISO 7899-2 method, it was seen that the presumptive colony count affected the false negative rates of the method (Table 4 ). The false negative rate was as high as 57.1% when analyzing isolates from membranes exceeding the limit of reliable counting, being more than 100 colonies per membrane. When the presumptive colony counts ranged from 12 to 62 per membrane, the false negative rate was still relatively high, being 20.9%.
DISCUSSION
This study confirmed that ISO 7899-2 method is a reliable method and can be applied for the enumeration of intestinal enterococci from bathing water. Most of the confirmed intestinal enterococci isolates from bathing water in Finland (i.e., 93.1%) were identified as members of E. faecalis or E. faecium clades based on their partial 16S rRNA gene sequences. E. gallinarum, Pediococcus spp., and Lactobacillus spp. isolates were false positives on the BEA medium used for Enterococcus confirmation in the ISO 7899-2 method. The false positive rate was as high as 18.5% when the presumptive colony count on Slanetz and Bartley medium membranes was less than 10 CFU, suggesting that interpreting the blackening of the BEA medium is prone to subjective errors. Even small traces of color were mistakenly interpreted as a positive result when only a few colonies were present. However, this does not explain all the false positive findings as only two Lactobacillus spp. isolates and one Pediococcus spp. isolate were able to produce blackish color on the BEA medium when BEA confirmation was repeated with the pure cultures.
As the presumptive colony count affects the method performance, it is important to determine the reliable working range of the colony counting methods. In the ISO 7899-2 method, membrane filters (usually 47 mm in diameter)
with the presumptive enterococci colonies are transferred from the Slanetz and Bartley medium to the pre-heated BEA medium for confirmation. In our study, it was observed that membranes having more than 100 presumptive colonies had a false negative rate as high as 57.1%. This is because when the colonies are too dense it is difficult to see the blackening on the BEA medium correctly. In our data, pre- Enterococcus isolates from seagulls were E. faecalis.
However, many other enterococci species like E. avium, E. gallinarum, E. durans, E. hirae, and E. casseliflavus have been reported from gull feces (Fogarty et al. ) .
The origin of the extremely high E. faecalis counts on the small national bathing area (coastal site E) suffering repeatedly from peaking enterococci levels remained unidentified.
At this site, the high counts of enterococci were detected at the end of the bathing season (in July and August). In our investigation, the E. coli counts were absent or very low and no human fecal contamination or waterborne pathogens were detected. The local environmental health authorities have had to close the bathing area due to the high counts, even though the true human health risk was questioned. In one sample, a low number of Gull4 marker specific for gull feces was seen using the DNA-based qPCR assay. The 
